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I. INTRODUCTION 
The ideal creep theor<J for metals is one that accurately predicts 
the behavior of the metal for the complete ranges of temperature and 
st,ress thru the entire creep process :from application of load to failure . 
Many theories have been proposed to explain the mechanisms of creep in 
metals. No theory has successfully predicted the behavior of any metal 
compl etely and accurate)¥ t hru. the three stages of creep. Mo theory has 
successfully predicted the behavior of' any metal in one stage of creep 
for the full ranges of temperature and stress. Even the limited success 
of any the<>r.r for one metal is not sustained for all metals. 
It is obvious that a more thorough understanding of the basic 
mechanisms o:t the creep process is needed. It is the purpose of this 
investigation -to examine the mechanisms involved in the initial stage of 
creep. 
This investigation·11ill be support ed by experimental data taken 
from creep tests of natural uranium spec:iJnens. Thus a dual purpose will 
be served since the mechanical proper ties of uranium., particularly those 
a£fected by temperature and stress, are of great interest at this time. 
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II. REVIEW OF LITERATURE 
For the past half century creep theories have been proposed, 
cri.ti.cized., and modified by maey investigators. The follc.-wing revi-ew 
will be concerned only with ·Gbe most important~ successful, and pertinent 
of these theories. 
One of the first significant theories was developed by Andrade (1, 2) 
over forty years ago and is still used to describe creep phenomena.. 
From tests conducted on polycrystalline wires of lead, tin, i.ron1 copper, 
magneSium., lea.d.--tin alloy~ brass., German silver, and mercury he found 
that his curves could be represented by an equation of the form 
(1) 
-where ,R. is the length of the specimen at t ime t; ~ and IC are constants 
and J0 is a third constant appr<ndznating to the length of the specimen 
at the moment when the sudden ex.tension on loading has ceased. When the 
value of ~ is zero the equation reduces to 
1 di 
or r dt = K, ithich represents a rate of strain K. If the value of K 
is zero, equation (l) becomes 
J • J0 (l +~ 0) 
or * = ½ j 0 t-½', giving a rate of creep which vanishes at long times. 
Thus Andrade concluded that creep could be divided into two stages, 
transient and guasi- viscol,l$. The present invest:i.gation is only concerned 
with the initial or transient stage where the strain- time equation may be 
3 
written 
J - Jo = € = ~ t. Ji • (2) 
Jo 
Many investigators have derived peysical theories of creep in terms 0£ 
Andra.dets analysis of the curve into two components, others have severely 
criticized it. 
A theory of transient creep in terms of dislocations has been given 
by Mott and Nabarr o (.3) . Their work assumes: 
1. Dislocations are of a. compound type. 
2. Resistance to yielding is provided by internal stresses di 
which exist in the material as a result of precipitation 
hardening, grain boundaries., and the like. 
3. Dislocations will be prevented from moving unless the applied 
stress (("exceeds di. 
4. A function N( di) can be defined so that N( di)ddi gives the 
number of disl ocation loops per unit volume that would move 
under a stress between Oi and 6i + d6i. 
,. During creep N( 61) does not change appreciably - 1.:.!:,, hardening 
is due mainly to the exhaustion of dislocations. 
6. A dislocation loop, once it has moved from a position o:f 
partic1lla:rly low ( di -tr) 1 moves in general into a position 
wher e ( 61 -o) is much bigger, and does not again take part in 
the creep. 
7. The probabilityO(dt per time interval dt that a disloeat.ion loop 
with a given value o.f di moves forward is given by 
°' ,;: J/ exp [-u(di)/kT J , 
4 
where U( o.i.) is the activation energy for migration and J/ is 
the frequency of vibration of a dislocation in its potential 
trough (108 vibrations per second) . This results in an increase 
of strain equal to V divided by the volume of the crystal. The 
val ue of v depends on whether or not the motion of a single loop 
sets off an avalanche and cannot be evaluated at this time. 
After a time t, the nurril:>er of remaining dislocations in the range ~ 
to cl + d 111 which have not moved is 
-o<t 
N( 01.)d oi e , 
and their contribution to t he creep rate is obtained by multiplying 
by «:v. Thus the creep rate is given by 
~ c o<.. vi°" N( fl) e •o< tdai. dt 
(r 
(3) 
Evaluating the integral, Mott and Nabarro found that the extension is 
given in terms oft by a formula of the type 
€ = const. T ½ (ln vt)~ • 
It is noted that pure 11exhau.stionn creep, as described by Mott nnd 
Nabarro, will be observed primarily at low temperatures and at low 
stresses. 
A more recent model for creep has been proposed by Dorn (4) in 
(4) 
which the rate controlling process at high temperatures is attributed to 
the recovery of barriers by a self-diffusion process. This theory results 
in a creep rate t hat may be represented by 
. \ -~H/ RT Bo 
€ = noJS.B "'e e (5) 
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where n is the number of dislocat-ions per square centimeter, dis the 
mean free path between barriers, 1S._ is related to the diffusion 
constant., A is the atomic spe,cing in the slip clirection, Li H is the 
activation energy .for self-diffusion, R is the gas constant., Tis the 
absolute temperature, o is the applied creep stress., and B is a constant. 
It can be seen £ram equation ( 5) that the creep rate will not 
vanish as the applied stress approaches zer-0. Dorn suggests that this 
term can be modified to give the correct result. 
Extensive tests have verif'ied this theory for maey metals (5) and 
have shown it to be valid over the high temperature range from almost 
the melting temperature., ·Tm, down to about 0.45 Tm• In this range of 
temperature Dorn found that the activation-energy £or creep is constant 
and equal to that for self-dit'f'usion. 
Although the present investigation is concerned with a lm,er range 
o:f temperature this theoriJ might be applicable ii' modified to account for 
a changing value of the activation energy for creep at temperatures 
below 0.45 Tm• Dorn et al. (6) has shown that the activation energy for 
creep of aluminum decreases with temperature bel ow 0.45 Tm and exhibits 
several discrete values for small temperature ranges. 
Dorn suggests that the failure of equation {$) below 0.45 Tm might 
be ascribed to the predominance of alternat,e l ow temperature mechanisms 
.for creep. 
Merckx (7) has combined the worl<: of Dorn and of Holloman (8) to 
ob~ain a.n expression for the ereep rate given by 
· -&I/RT (b-1)/b 
€ = e C sinh ca- ep ., (6) 
6 
where u is the applied stress, ep is the plastic po~tion of strain, bis 
the slope of the logarithmic plot of strain versus time, Tis the absolute 
t:emperature; and c; C, ~ H/RT are constants which can be determined by 
three s hort creep tests. The experimental work of Merckx was performed 
on specimens of alpha uraniwn at temperatures between 100 and 500°0., and 
thus his results ma.y be compared to those of this investigation i'or that 
temperature range. 
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III. MATERIAL AND APPARATUS 
A. Material 
The material used in this investigation was extruded beta quenched 
natural uranium which was supplied in four•inch slugs 1.37~ inches in 
diameter. This material is described by the supplier as having less than 
0 . 1 per cent of the impurities c, Cl, Gr,; Si, B, Mg., Mn, Ni, and 1'1. 
Lewis (9) gives room temperature tensile properties for nine speci• 
niena of this material., from whi~h the folloY.dng data were obtained: 
Modulus of elasticity (average value f .or 
six t ension cycles): 
Yield strength at O.l per cent offset: 
Ultimate strength: 
Reduction of area: 
Elongation in 1 inch: 
21.,800, 000 psi 
33, 500 psi 
91~200 psi 
9 per cent 
8 per cent 
This material has an endurance l imit in rotating bending (500.,000,.000 
revolutions) of about 25,000 psi at 50°c. 
Specimens were fabricated by quartering the slug longitudinally and 
turning. The lengt h of the specimen was .four inches and ea.oh end was 
0.500 inch in diameter. The ends were threaded 0.75 inch rti.th a ½ •13 
thread. The reduced section in the center was 0. 357 inch 1n diameter 
(cross sectio11al area 0.100 square inch) and two inches long. Into the 
unthreaded part o:t the shoulder at each end tw-0 gage holes were drilled 
diametrically opposite with the pair at one end 90° from the pair at the 
other end. The longitudinal distance between holes at opposite ends, the 
gage l ength1 was 2. 25 inches. The holes were drilled 0.125 inch deep with 
a #38 drill. Accurate positi oning of the holes was accomplished by means 
8 
of a drill jig supplied wlth the creep machine. The dimensions of this 
specimen agree wlth those recommended by the A.S. '1\,M .. (10) for creep 
tests. 
B. Apparatus 
'l'lro 12,000 pound capacity Baldwin lever arm creep machines were used 
in the tests. The calibration reports on these machines shar~ed the 
machine loading ert>or to be approximately 0.1 per cent in the range of 
loads used. Each ma.chine was equipped wl th an extensometer of the elec• 
trical motor- contact follower type connected to a. ·counter. Each diviSion 
0£ the counter was equivalent to a specimen elongation of 25 micro~inches. 
An automatic reversing mechanism was installed which reversed the 
direction of the eontact follower for lh seconds each minute thereby 
preventing accumulation of overshoot. by vibration. Eaeb machine was also 
equipped with a clock motor driven time counter with each division 
equivalent to one• tenth hour. 
Temperature eontrol was maintained by means of a resistance ther• 
mometer controller. A platinum element was wound on the core of the 
furnace in the center section between heating element coils. This placed 
the sensing element in close proximity to the heating element. and reduced 
the thermal lag considera.bly from that of the conventional method with 
the themocouple inside the furnace . This arrangement thus allowed the 
-resistance thermometer controller to maintain the furnace winding tem• 
perature nearly constant, and as a result the temperature insi de the 
furnace was maintained within one-half degree centigrade of the desired 
9 
value. The winding temperature was indicated by a Brown circular chart 
potentiometer pyrometer . The specimen t-emperature ·was indicated by a 
Br0tm portabl~ potentiometer. 
Since t he type of specimen used was smaller than that for which the 
creep machine was designed adaptors were used to hold the specimen in the 
conventional chucks. At temperatures above 100°0. it was necessary to 
protect the specimen from oxidation. This was accomplished by welding a. 
stainless steel seamless bellows between the adaptors. The gage holes 
were then drilled into the adaptors using the drill jig. 
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IV.. METHOD OF TESTING 
A. Slope Determinat-ion 
The specimen was inserted in the creep machine chucks and the 
extensometer and thermocouple were attached. The furnace was loweI"ed 
over the specimen and the ends were stuffed iv1th glass wool insulation. 
The temperature controller was then set to the desired value and the 
apparatus was left over night to allow it to heat up and come to an equi-
librium temperature. 
When the test was ready to begin an initial r.eading was taken. 
Loading was accomplished by adding weights te the p.an as rapidly as 
possible without dropping them. This process required approximately 
one minute to complete. Time -was measured from the start of loading. 
Extension, time., and temperature readings were taken at six-minute inwr-
vals for the first hour and at one ... hour intervals after that. Specimens 
were run at various combinations of stress and temperature. 
The strain data were converted to unit strain and plotted against 
time on logarithmic coordinates. The result was a straight line whose 
physical slope was measl.lr'ed and recorded. 
B. Activation Energy Determination 
The det.ermination of the activation energy requires that the slope 
of the strain- time curve, the creep rate, be nearly constant. During the 
first several hours the creep rate was dec1:easing rapidly and there.fore 
a deterrllination of the activation energy (AH) could not be made until 
11 
appt'oximately 15 hours had elapsed, 
A determination o£.1H was accomplished ey establishing a creep ra:be 
for three or four hours at one temperature, abruptly changing the tem-
p.erature by resetting the controller, and establishing the new creep 
rate at the new temperature. In accordance with the development of 
Dorn et al. (6) the value oi' LlH was calculated from the formula: 
. 
where € 1 and € 2 are the initial and final creep rates respectively, . 
T1 and T2 the initial and final. temperatures respectively expressed in 
degrees Kelvin, and R the universal gas constant expressed in calories 
pe:r mole degree Kelvin. Thus the activation energy (~ H) is exp:ressed in 
calories per mole. 
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V. RF...SUL'l'S 
The test data were plotted in order that values could be ·taken from 
the curves and comparisons could be made. A typical strain•time curve 
is shown in Figure l; the same eurve on l ogarithmic coordinates is shown 
in Figure 2. A composite of strain• time curves on logarithmic coordinates 
for nine specimens run at 76, 000 psi and different temperatur-es is shown 
in Figure 3. The tes·l; temperature is marked on each curve. A composite 
of strain- time curves on logarithmic coordinates for four specimens run 
68°c. and different stresses is shown in Figure 4. The test stress is 
marked on each c-urve. 
A running plot of strain versus time was kept during ..1 H determina• 
tions so that the c~eep rates before and after the temperature change 
could be observed and calcula:ted. One such plot is shown in Figure 5. 
A t otal of 20 specimens were tested in this investigation; 17 
specimens gave values for the slope (n) and intercept (k) of the logarith-
mic strain- time plot, 10 specimens gave one or more values for the acti-
vation energy (4 H) . These values are l isted in Tabl es l and 2. The mean 
temperature (Tm) was calculated f r om the formula~ 
where all temperatures are given in degrees Kelvin. A plot of AH versus 
Tm is shown in Figure 6. The curve was determined by applying the method 
of least squares to all points. 
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Table 1. Slopes and intercepts of logarithmic strain• time plots 
Specimen Stress Temperature Slope Inte:rcept 
number psi oc. n k 
3 82.,860 68 0.098 0.0562 
4 84~000 69 0.106 0.061 
5 86.,.ooo 68 0.1003 0.1525 
6 78,ooo 68 0.096 0. 091 
7 76,000 68 0.098 0.0675 
8 76, ooo 57 0.097 0.0591 
9 76,ooo 79 0.100 0.098 
10 76,ooo 51 0.088 0.073 
11 76,000 51.5 0.087 0.0735 
12 76.,ooo 86 0.121 0.113 
13 76~000 40 0.088 0.0416 
14 76.,000 104 0.137 0.1145 
15 76.,000 53 0.098 0.045 
16 70, 000 150 0. 219 0.198 
17 16, 000 50 0.087 0.0530 
18 16.,000 46.5 0.078 0.0465 
20 76,ooo 64 0.096 o.0634 
20 
Table 2. Activation energy determinations 
Temperature change Mean temperature Activation energy 
Specin'l.en from 
-
to Tm 6H 
number OK OK c::i.1. /mole 
2 341 ... 355.5 346 36.,562 
4 342 ... 348 345 2>; 887 
h 348 
- 354 351 JS,483 
4 354 - 3;a .. 5 356., 41, 231 
8 330 - 336 333 19,2:36 
8 336 - 341 33a • .s 21,713 
8 341 ... 3!t7 34li 32,671 
9 3$2 
- 342 347 27,428 
11 324.5 - 330. , 327.5 21, 002 
11 .:330.5 ... 3.35 332.7 14,027 
13 319 ... 324 321.5 23,816 
15 326 • 332.5 329. 3 19,745 
1$ 335 - 341 339 28,289 
15 334.5 - 345 339. 7 31,089 
15 340 • 346.5 343 34, 92) 
17 3.36 tol 348 342 27, 871 
18 320., • 329.5 325 25,,662 
20 337 • 346 341.5 29, 029 
20 .346 - 338 342 30, $48 
20 337.5 • .3!t4 340. 7 30,903 
20 .344 - 351 347.5 26, 382 
20 352 - 362 357 29,.463 
20 362 
- 355 358 • .5 Jl,924 
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VI. DISCUSSION OF RESULTS 
The relationships among the experimental.. data wil1 be examined with 
the a.id of dimensional analysis as outlined by Murphy {U) • The variables 
which are assumed to have an influence upon the mechanisms of tlle tran• 
sient stag-e of the creep process for pure matale are listed in Table 3 
with their symbols and dimensions in the FLTe system where : 
F :;: force 
L = length. 
T = temperature 
e = time 
The property f', designated as solid viscosity, was added b~oause only one 
of the original variables contained the dimension F. The property vis-
cosity was selected because the action of a metal during creep is believed 
t .o be somewhat. analogous to the action of a fluid subjected to a shearing 
stress . ., in that a flowing process takes place to relieve the internal 
stress. 
Table J. Variables associated with the creep process 
Symbol Variable Dimensions 
€ strai.n rate e-' 
.6H activation energy for creep L 2 e -2. 
R. gas constant eat a T-, 
T temperature T 
(T stress F L -a 
t time e 
µ solid viscosity F e t -2 
; 
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The number of dimensionless ratios that ca.it be obtained is equal to the 
number of variables minus the num.ber of independent dimensions. 
Number of ratios = 7 • 4 = 3 
Three possible dimensionless ratios are Et,. ~, and 7 ., One of these 
ratios may- be expressed as a function of the other two as foll ows: 
When the variabl es a.re assumed to be separable this may be written 
(7) 
Equation (7) may be written £or each of two stresses o, and <J; • One 0£ 
the r esulting equations may be divided by the other to give 
Which reduces to 
(8) 
for a given temperature. Equation (8) constitutes a test f or separability 
of the £t1netions q>, (l )a.nd ¢2 (7f)• As shmm in Figure 2, the logarith• 
mic plot of € versus t , the strain at time tis given by 
€ = ktn 
·where n is the slope and k is the intercept. Differentiation of € with 
respect tot yields 
23 
or 
. n 
€ t = nkt = ll6 , (9) 
and therefore d>. (£!) n ~ = n,k,t • • 
4>2 ~:) n.t kz t~ 
It can be seen fi'-0m Figure 4 that the curves for various stresses at a 
particular temperature are essentially parallel. This constitutes proof 
that the vatiabl es are separable as previously assumed. Combination o.f 
equations ( 7) and (9) gives 
(lO) 
Rearranging equation (10) we get 
- nktn 
. ., 
' . i1 
<p, (~ ) 
from vthich it can be seen that 
(ll) 
Subst"ltuting equation (11) into equation (10) and rearranging we obtain 
<p (4f!\ ,. _ nk 
' RT/ Cf d")n • 
')'-
(12) 
f'igure 7 sh.OW"s the plot of' 
reveals that 
24 
('in) ~ A e B(LIH/RT) , (13) 
where A is the intercept and B is the slope. I t can be seen from equation 
(12) that 
= A' e B(AH/RT) = ~ (I ) , (14) 
I 
where the quantities C and f have been absorbed by the constant A. 
Substituting equation (14) and equation (ll) into equation (10) we obtain 
nl...i,n D B(,::lH/RT) (d"t~n "'" = ne = e _ , 
r 
and thu& 
€ .,. J! e B{Lili/RT) (a-t)n 
n - , f-
(15) 
·Nhere A' and C have been merged into the constant D .. 
It can be seen from Figure 6 that the variation of4 H with temper• 
ature may be expressed 
(16) 
,,..--... 
.:.:.le 
c: b 
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where K is the slope a.nd 4 H0 is the intercept. Division of both sides 
of equation (16) by RT yields 
(17) 
Equation (17) shows that the value of' (I) will increase with temperature. 
Thus it can be seen that equation (15) will give an i,ncreasing value of € 
at a given time for increasing temperature which agrees with experimental 
evidence. 
When AH has a constant value thru a temperature range., as Merckx has 
shOl<ll, the plot of ln ( ~ t J versus (~ ) for r = l and C-:L will yield a 
negative value of Bas shown in Figure 8 for .6H = 27,000 ea:t./mole. With 
B negative and.t1H constant the strain at time t, given by equation (15) ., 
will also increase with temperature as required. 
The strain .ra·te, e, is obtained by differentiation of e with respect 
to time which gives 
(18) 
As expected for transient creep the creep rate decreases with time. 
Equations (l ;i') and (18) contain five constants whose values are 
dependent upon stress or temperature. T.ne constant. n was found to be 
independent 9£ stress for the range of stress between 76,000 psi and 
86,ooo psi. Its variation with temperature is shmm in Figure 9. The 
values oi' ndetermined in this investigation were all la,.t<ger than the 
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corresponding values determined by Merckx for the sai'"Tle material. Dorn 
has shown 4 H to be independent of stress. The variation of 4 H with tem-
peratu.re was previously presented in Figure 6 for the experimental data.. 
The val ues of the constants D and B are dependent only upon stress. Sinee 
only one series of tests was run at. a. parti<nllar stress (76,000 psi) it 
is not possible to describe the variation of D and B with stress. The 
value of the qua.nti ty /A was assumed t o be l £or a stress of 76,000 psi and 
therefore is independent of temperature. The short series of tests at a 
given temperature (68°c) and varying stress did not give sufficient data 
to describe the variation of f 1ti.th stress. 
The validity of equations (15) and (18) must be limited to the ranges 
of stress and temperature of the experimental data which wex-e 40 to 100°c. 
and 76,000 to 86,ooo psi. It must also be limited to the transient stage 
of oreep. 
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VII,. SUMMARY AND CONCLUSIONS 
Application of dimensional analysis to the experimental data e:r this 
investigation yields an expression for the transient creep rate of alpha 
uranium, in the ranges of stress and temperature investigated, that is 
given by 
• B(Llli/RT) 
€ • De (18) 
This equation gives a decrease in strain :rate with in.crease 'in time 
fallll.liar to transient creep. I t also gives a higher strain rate for a 
higher temperature or stress as experience demands. 
An important distinction of this expression is the fact that the 
exponent; oft varies with temperature whereas the exponent oft in 
Andrade 's work and Mott and Nabarro*s expression is i'ixed.. Smith (12) 
found that the modification of the exponent oft in Andrade•s expression 
gave a better. fit for certain metals. 
The experimental data. of this investigation are not sufficient to 
describe completely the variation of' the constants in equation (18) wi.th 
stress and temperature. 
Equation (18) agrees 'well with eJCperim.ental evidence for transient 
creep within the limits set forth and provides a good basis for further 
investigation in other ranges of stress and temperature. 
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